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Abstract
The sulfurization of MoO3 using Chemical Vapor Deposition is a common technique
to synthesize MoS2 nanomaterials such as horizontal mono- and few layer nanosheets.
Vertically aligned nanosheets can also be deposited under certain conditions using this
method. To our knowledge, however, growth of MoS2 nanosheets with plasma enhanced
CVD has not been explored so far. In this study, a remote plasma was introduced into the
CVD chamber and the effect of plasma on MoS2 growth was investigated. Sulfur and
MoO3 powders were used as the source materials, and the reaction temperature was
controlled from 500 to 850 °C. Raman spectroscopy, x-ray diffraction, and scanning
electron microscopy were used to characterize the structure and properties of the
nanostructures. Introduction of plasma was found to affect the growth mode of MoS2
significantly, depending on the pressure, plasma power, and temperature. The plasma
tends to promote the growth of flat nanosheets at lower pressure and high temperature or
high pressure and low temperature while it enhances the growth of vertical nanosheets at
high pressure and high temperature or low pressure and low temperature. These two
growth modes compete with each other and the resultant morphology depends on the
growth conditions and plasma power and time to be introduced. This study helps to
understand the growth mechanism of MoS2 and opens an opportunity for controlling the
material growth and doping by plasma.
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Chapter 1. Introduction
1.1. Introduction of 2-D materials
Discovery of graphene and its astonishing properties have given birth to a new class of
materials known as “2-D materials”. While one-dimensional [1-D] materials stand for
materials that can extend on only one dimension, such as nanoribbons, nanotubes and
nanowires, 2-D are the thin materials of single layer or multilayers, which have become
one of the highly focused research area in the field of materials science due to their
unique structures and properties.
Spatial dimension is one of the important parameters of materials because it determines
the materials’ physical and chemical properties. Even if the composition and crystalline
structure are the same, materials with different dimensions may have significant
differences in their properties. 2-D materials constitute a unique class of nanomaterials in
which the in-plane atoms are coupled by strong chemical bonds and the atomic layers are
weakly bonded together by van der Waals interactions. With the increasing of excitation
energy, the density of states for 2-D materials also shows gradual increase. The different
density in 2-D materials can alter the way excited electrons excitation energy interacts with
the valence electrons, thus changing the fundamental properties with size. So far, 2-D
materials have become an important field in current materials research because of its
unique physical and chemical properties that are dissimilar from their bulk counterparts.
These geometric structure related properties show potential applications in sensing and
photocatalysis.
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1.2. Properties of 2-D MoS2
1.2.1. Crystal structure of 2-D MoS2
MoS2 has a hexagonal structure as shown in Fig 1.a, and is composed of molybdenum
and sulfur atoms layer by layer forming a superimposed crystal structure. When the
number of layers is reduced, bulk MoS2 gradually changes to 2-D materials with different
crystalline structures, including thermodynamically stable hexagonal structure (2H phase),
metastable octahedral structure (1T phase) and distorted octahedral structure (ZT-MoS2).
Most of the current research is focused on the first type of the structure (2H phase)
because it is the most stable phase and easy to acquire. The 2H phase shows a
sandwich-like hexagonal structure with three-fold symmetry and the atomic stacking
sequence of ABA is shown in Figure 1.b and c

[1]

. A monolayer of MoS2 has only one

layer of Mo atoms in the middle sandwiched with two layers of S on both sides. The
multiple layers usually contain several monolayers of MoS2 held together by van der
Waals forces. This structure of 2H phase shows semiconducting properties.
The 1T structure is a metallic phase shown in Figure 1.d

[1]

, and has an octahedral

structure which is different from the trigonal prismatic structure for 2H structure.
Generally, each layer has a thickness of ~0.65nm and the distance between upper sulfur
plan and lower sulfur plan is about 3.16 Å

[2]

. The lattice constants of MoS2 monolayer

are reported to be 3.22 Å with a covalent bond length of Mo-S of 2.43 Å and the S–Mo–S
bond angle θ≈80.56°

[3]

. However, with increasing pressure the out-of-plane S-Mo-S

bond angle θ increases and the in-plane bond angle φ decreases linearly.
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Figure 1. (a). MoS2 bulk showed hexagonal structure; (b) Top and side views of 2H phase;
(c) A unit cell of 2H phase; (d) Top and side views of Metallic Phase

[1]

. Mo cyan; S,

yellow.
1.2.2. Band gap and electrical performance
Single layer MoS2 (2H phase) has a large direct bandgap of 1.8eV which is higher than
1.2 eV of bulk MoS2

[4]

. When the number of layers of MoS2 is gradually reduced, the

direct bandgap will gradually increase (Figure 2)

[5]

. For bulk MoS2 the valence band

maximum is at high-symmetric Γ-point and conduction band minima is in between Γand K-points, and for monolayer the valence band maxima and conduction band minima
are both at high-symmetric K-point revealing direct band gap semiconductor, thus there
is a transition from indirect band gap to direct band gap as we go from bulk MoS2 to its
monolayer. As the single layer MoS2 has a large direct bandgap of 1.8 eV, being suitable
acting as switching nanodevices. Randisavljevic et al. proposed a single-layer MoS2

3

transistor adopting a hafnium oxide as the gate dielectric material in 2011, in which the
mobility of MoS2 could up to 200cm2/(v*s) at room temperature with the current on/off
ratio to be 108. MoS2 based materials shows the n-type semiconductor

[6]

. Furthermore,

moS2 can be used as transistors, photodetectors and memory devices.

Figure 2．Bandgap change from MoS2 bulk to monolayer [5].
1.2.3. Raman spectra and optical properties
As the number of molybdenum sulfide layers decrease, the optical properties would
also change, which is easy to be viewed by Raman and Photoluminescence spectra.
Raman spectroscopy is a convenient characterization method to illustrate the quality and
structure of layered materials, and is commonly used to study 2-D MoS2. MoS2
monolayer with 2H structure shows two typical Raman peaks of E2g1 at 384 cm-1 and A1g
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at 405 cm-1[7]. Three key points on the characteristics of Raman spectroscopy are
summarized below.
1. E2g1 shows in-plane opposite vibrational modes of two sulfur atoms which respect to
the Mo atom, and A1g shows only sulfur atoms out-of-plane vibrational modes in opposite
directions, which are the most sensitive modes to the number of layers present in the film.
(Figure 3.a)
2. The Raman shift distance between E2g1 and A1g peaks is used to characterize the
number of layers present in MoS2 specimen. (Figure 3.b). The separation between 18 to
20cm-1 shows the sample of monolayer MoS2. The increase of the separation indicates the
increase of the number of layers. The bulk MoS2 has a peak separation of about 25 cm-1
[7]

.
3. The intensity ratio between E2g1 and silicon substrates associated with layer

thickness. The peak intensities almost increase linearly up to four layers with increasing
layer thickness [8].
Photoluminescence spectra are found to be closely related to the number of layers in
MoS2. The electronic band changes from indirect to direct band gap during the transition
from bulk to monolayer, and the exciton binding energy changes almost 1.0eV

[4]

.

However, this indirect to direct band gap change in its monolayer form yields a gigantic
photoluminescence, about 104 higher than that of bulk MoS2 [11]. The photoluminescence
spectra of MoS2 shows two peaks A1 and B1 (1.9 eV and 2.05 eV) around the K zone
(Figure 3.d), with the energy splitting (~0.15 eV) resulting from the combined effect of
interlayer coupling and valence band spin–orbit coupling

[4] [12] [13]

. Both of them

disappear in bulk MoS2. These two peaks are associated with the energy splitting from
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valence band spin-orbital coupling, which is consistent with the theoretical prediction of
indirect to direct (1.2 eV to 1.8 eV) bandgap transition from bulk to single layer MoS2.

Figure 3. (a) Two vibration modes of E12g and A1g [7]; (b) Dependence of separation of
Raman shift on the number layers of MoS2 [7]; (c) Photoluminescence spectra of MoS2thin
films with average thicknesses ranging from 1.3 to 7.6 nm [9]. (d) Photoluminescence
spectra of MoS2 thin films with different number of layers [10].
1.2.4. Mechanical properties
Good mechanical property is necessary for applications of nanoscale materials.
Young’s Modulus and Yield Stress of MoS2 will be briefly described below.
1.2.4.1. Young’s modulus
The Young’s modulus, which is thickness dependent, can be expressed by the
following equation:

6

!=

# $%
ℎ

Where ℎ is the thickness, ! is yield stress and ! is the dimensionality. For MoS2
monolayer, Bertolazzi et al. measured the average value of Young’s modulus for MoS2 to
be 180±60Nm-1[14], and 120±30Nm-1[15], measured by Cooper et. Recently Liu et al. got
an effective Young’s modulus about 170Nm-1[16] from chemical vapor deposition.
1.2.4.2. Yield stress
The nanoindentation measurements can also determine the yield stress. It is indicated
that the yield stress is 15±3Nm-1 for monolayer MoS2 materials determined by Bertolazzi
et al.

[14]

. The first principles calculation predicted that the yield stress of MoS2 is

17.5Nm-1 under a biaxial strain in MoS2 monolayer

[16]

. Considerable attention has been

paid to the novel structural transition in MoS2, where the structural transition often occurs
by the force applied perpendicular to the cross section of the plane and acts on the
different layers. In this structural transition, the outer two S atomic layers are shifted
relative to each other, leading to abrupt changes in the electronic and phonon properties
of MoS2. This structural transition is the result of the trilayer configuration of MoS2 and
is not observed in graphene.
1.2.5. Thermal properties
Thermal transport in materials occur when it is subjected to a temperature gradient.
The thermal energy flow is mediated by phonons or electrons. For MoS2, a recent
experiment done by Sahoo et al.

[17]

showed that the thermal conductivity is around

52Wm-1K-1 for few-layer MoS2[17], which is only one-twentieth of graphene
(1000Wm-1K-1). The smaller thermal conductivity of few-layer MoS2 is caused by the
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lower phonon spectrum in single-layer-MoS2. In contrast, the bulk MoS2 has a good
thermal conductivity.
1.3. Application
1.3.1. Vertically aligned MoS2 layers applications.
1.3.1.1. Hydrogen evolution reaction (HER)
Being a clean, efficient, and durable energy fuel, hydrogen has been regarded as the
most promising alternatives for future energy. Pt-based catalysts are the most efficient
electrocatalyst material for the hydrogen evolution reaction, but because of the high cost
for the Pt material, platinum is not a sustainable material to be considered. MoS2
nano-layers, are considered to be one of the most promising non-precious electrocatalysts
for HER. Two key factors of MoS2 nano-layers for HER are the conductivity and
effectively active sites, better conductivity and more active sites result in higher catalytic
activity. Due to these properties, MoS2 consider to be a strategy material in order to
optimize their conductivity and enrich active sites. The vertically aligned MoS2 can
maximally expose the edges. With the edge increases will also develop the active sites,
enhanced the properties of MoS2 nano-layers in hydrogen evolution reaction.
1.3.2. Flat layers application
1.3.2.1. Electronic devices
Single or few-layer MoS2 show promising mobility, high current ratio and record
current density. These appealing characteristics for transistor devices enable 2D MoS2 to
be potential candidate for consideration toward building digital circuits comprising of
Boolean logic gates and memory components.

8

1.3.2.2. Optoelectronic devices
The direct band gap in the visible frequency range, coupled with its high carrier
mobility, makes monolayer MoS2 an ideal candidate for various optoelectronic device
applications like light generation(LED), light harvesting (solar cells) and light sensing
(photodetectors). The sizable, thickness dependent band gap of MoS2 nano-layers, along
with its large surface-to-volume ratio, enable efficient light detection over a wide range
of wavelengths from ultra- violet (UV) to the near infrared (NIR). The irradiation of
photons of energy greater than the band gap of a semiconductor gives rise to a
photocurrent upon the separation of photo-generated electron–hole pairs (excitons)
through an applied or built-in field. There are two fundamental designs for
semi-conductor-based photodetectors: phototransistors (applied field or gate control) and
photodiodes (built-in field).

9

Chapter 2. Literature Review - Synthesis of Layered MoS2
There are three major synthesis methods for synthesizing MoS2 monolayers. The first
one is based on exfoliation techniques and usually results in very small flakes. The
second method is based on vapor deposition techniques and can usually result in large
area growth of monolayer MoS2. The third method is based on hydrothermal process.
2.1. Chemical exfoliation
Exfoliation is the most widely used method for preparing monolayer or few layer
MoS2 samples. The weak van der Waals force between the interlayers allows for an easy
break up and isolation of the layers using the exfoliation techniques. There are two types
of exfoliation techniques, namely Micromechanical Exfoliation and Chemical
Exfoliation.
2.1.1. Micromechanical exfoliation
The micromechanical cleavage involves a fresh surface of a layered crystal being
pressed against another substrate surface of a “scotch tape”, which leaves a combination
of single or few layer flakes attached to the substrates or “scotch tape”. For synthesizing
mono/few layer MoS2, bulk MoS2 single crystal is pressed against an adhesive scotch
tape and subsequent repeated exfoliation leaves the flakes adhered to it, which are then
transferred to another substrate. The color contrast under optical microscope between the
substrate and mono/few layer MoS2 helps to identify the materials.
2.1.2. Chemical exfoliation
Chemical exfoliation is a major technique used to prepare the layered materials, which
is also known as liquid-phase exfoliation. It generally involves the separation of layered
materials through intercalation or dispersion followed by sonication to yield single and
few layer flakes (Figure 4.a). Liquid-phase separation is a convenient method and is used
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to exfoliate the bigger flakes in various thin film applications. The simplest intercalation
method inserts lithium ions between the MoS2 layers increase the spacing between the
two layers. Often n-butyl lithium is used instead of lithium ions. After that the water
solvent will remove the lithium and the sonication process allows the MoS2 flakes to
separate and be retrieved. Organic solvents like ethanol and methanol in a rapid heating
in vacuum at around 600oC with layered MoS2 can also be used instead of lithium
intercalation to separate the layers of MoS2, which in high temperature vacuum
environment the organic molecule will inserts between the MoS2 layers. Although the
chemical exfoliation method is easy, the experiment is time-consuming and is sensitive to
the environment.
2.2. Vapor phase deposition
Exfoliation preparation for MoS2 layer only leads to small size of the layers. However,
a reliable technique to obtain large area is needed by using vaper-based deposition
chemical vapor deposition.
The 2-D MoS2 grown by chemical vapor deposition normally involves a single step
vapor phase co-deposition of solid precursor and sulfur onto top mounted insulating
substrates at elevated temperature, or a two-step process using vaporized precursor and
the sulfur powder onto the aimed substrates. Currently, five kinds of precursors have
been used to deposit MoS2 layer by chemical vapor deposition, which are MoO3,
ammonium thiomolybdate, metallic Mo, MoCl5 and MoS2. The source we used for our
CVD growth is MoO3. The CVD growth of large area monolayers of MoS2 on
amorphous SiO2 substrate has been demonstrated. The experimental setup includes two
ceramic boats in a reaction chamber. The two boats are loaded with MoO3 powders and
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sulfur powders. The upside down SiO2 substrates is mounted on the top of the MoO3 boat
and the chamber is heated to 650 Celsius in N2 atmosphere (Figure 4.b). The growth of
MoS2 is very sensitive to the substrates pretreatment.

Figure 4. Different synthesis methods: (a) Chemical exfoliation process to exfoliate bulk
materials

[18]

; (b) single step MoO3 sulfurization

[19]

; (c) reaction with MoCl5 source

[20]

and (d) Reproduced by the same source [20].
MoCl5 precursor can be used to grow MoS2 with the same method by replacing the
MoO3 source with MoCl5 source at a relatively high temperature above 800 °C (Figure
4.c). The number of layers in the resulting MoS2 films can be precisely controlled by
modifying the amount of MoCl5.
The other precursor used is MoS2, which is vaporized at high temperature (>900°C)
and then deposition onto the surface of the substrates (Figure 4.d). MoS2 layers were
formed through a recrystallization process.
2.3. Hydrothermal synthesis
The third method to synthesize stable two-dimensional MoS2 nanosheets is a
hydrothermal process, which uses aqueous as solutions containing three chemicals MoO3,
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thioactamide and urea. The thioacetamide is chosen as the sulfur source while MoO3 is
used as the molybdum source. Urea is used in the solution environment under acidic
conditions, i.e. at a low pH value, in order to maintain the octahedral structure of the
starting material. To satisfy the expected growth conditions, the synthesis of MoS2 is
performed in a pressurized hydrothermal process in the autoclave at 200°C for 12h for
growth of metallic phase MoS2 and at 240°C for semiconductor phase MoS2 [21]

13

Chapter 3. Methodology
The Chemical Vapor Deposition used for the MoS2 growth has been explored for a
long time. The experimental temperature is usually set around 700°C depending on the
nature of sulfur source and molybdenum source. However, the literature shows that these
experiments are successful only under high pressure (>100 Torr) in order to grow layered
molybdenum sulfide lamellae. In this current study, sulfur powder and molybdenum
oxide are used as reaction sources. The temperature was raised to the reaction
temperature after nitrogen gas was introduced into the chamber. The sulfur powder was
place in front of the molybdenum oxide and would be evaporated and brought to the
reaction zone by nitrogen flow to react with molybdenum source. By controlling the
pressure, temperature, reaction time, and plasma power, flat and vertical MoS2
nanosheets can be preferably obtained (Figure 5).

Figure 5. Experimental set up
3.1. Experiment setup
Brief experimental procedures:
The heating rate is 15 degree/min, staying at the growth temperature for 5 minutes,
then plasma is introduced when the temperature is stable. After growth, plasma is shut
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down when the temperature is cooled 50 Celsius below the growth temperature. As
temperature decreases to 500 Celsius, the upper side cover of the furnace is opened and
the sample is rapidly cooled the sample to room temperature.
3.2. Reaction precursor
Reaction Source:
MoO3: 5 mg.
S powder: 60 mg.
Substrates:
Silicon wafer with 100 nm thick SiO2

15

Chapter 4. Characterization Techniques
4.1. Scanning electron microscopy
Scanning electron microscopy (SEM) has been widely used in various fields, it can see
the morphology of specimens by scanning the surfaces with a focused beam of electrons.
The electrons interact with the atoms on the surface of the samples, the reflection signals
contain information about samples morphology. We use the SEM to visually characterize
the morphologies of MoS2 nanosheets growth under different conditions. Two different
structures are observed. The first structure corresponds to few-layers thick flat triangular
nanosheets, and the second structure corresponds to vertical nanosheets, both shown in
Figure 6.

Figure 6. (a) Flat lying MoS2 nanosheets [22]; (b) vertical MoS2 nanosheets [23].
4.1. Raman spectroscopy
Raman spectroscopy is a spectroscopic technique used to observe vibrational, rotational,
and other low-frequency modes in a system

[24]

, which relies on inelastic scattering. The

laser light interacts with molecular vibrations, phonons or other excitations in the system,
resulting in the energy of the laser photons being shifted up or down. The shift in energy
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gives information about the vibrational modes in the system. Because vibrational
frequencies are specific to a molecule’s chemical bonds and symmetry, so Raman
spectroscopy is a useful technique to identify molecules and study chemical bonding.
It has been known that the Raman spectroscopy not only can identify the 2H-MoS2
sample, but also the Raman peak spacing of MoS2 which is an indication of the
thicknesses of few-layers (less than 10-layer). The bimodal spacing of the bulk materials
is large, while if the thickness decreases, the spacing of the peaks will gradually decrease,
which we discussed in section 1.2.3.

Figure 7. Energy-level diagram showing the states involved in Raman spectra [24].
4.3. X-Ray diffractometer
X-ray diffractometer is based on X-ray diffraction technique, used for determining the
atomic and molecular structure of a crystal, in which the crystalline atoms cause a beam of
incident X-rays to diffract into many specific directions. Crystals are regular arrays of
atoms, and X-rays can be considered waves of electromagnetic radiation. Atoms scatter
X-ray waves, primarily through the atoms' electrons. The X-ray striking an electron
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produces secondary spherical waves emanating from the electron, the electron (or
lighthouse) is known as the scatterer. A regular array of scatterers produces a regular array
of spherical waves. Although these waves cancel one another out in most directions
through destructive interference, they add constructively in a few specific directions,
determined by Bragg's law:
2" sin & = ()

Here d is the spacing between diffracting planes, θ is the incident angle, n is any integer,
and λ is the wavelength of the beam. These specific directions appear as spots on the
diffraction pattern called reflections. Thus, X-ray diffraction results from an
electromagnetic wave impinging on a regular array of scatterers (Figure 8).

Figure 8. Bragg’s Law of X-ray Diffraction
Here, X-ray diffractometer was used to determine the nanostructure of MoS2. The
substrates used as a reference for XRD measurement are prepared as sated below. Silicon
with SiO2 layer was treated in piranha solution for 2 hours. Molybdenum oxide was
grown at 700 °C and 0.3 Torr for 5 minutes, which is similar to the growth of MoS2 but
without introduction of sulfur source in the chamber. that the MoOx have four different

18

XRD peaks, but it is not easy to find out the lattice plane corresponding to these peaks.
Possibly the molybdenum oxide reacted with the substrate to produce complexes at high
temperatures, and no corresponding peaks can be found in the literature.

Figure 9. XRD patterns of MoOx and Si substrate
Table 1. 2-Theta reading from XRD graph
2-THETA
SUBSTRATES

18.25°

25.75°

37.35°

57.46°

MOLYBDENUM OXIDE

26.25°

28.10°

32.80°

56.34°

MOLYBDENUM DISULFIED

13.75°

Figure 9 and Table 1 show the XRD graph of MoOx and Si substrate. One can find
4.2. X-Ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative spectroscopic
technique that measures the elemental composition at the parts per thousand
range, empirical formula, chemical state and electronic state of the elements that exist
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within a material. Here the XPS was used to analysis the mechanism of the MoS2 growth
and find the thickness of the flat lying few layers MoS2 nanosheets. The XPS result from
articles shown in Figure 10.

Figure 10. Chemical composition analysis by X-Ray photoemission spectroscopy (XPS)
for (A) Mo, (B) S, (C) Au and (D) Cl binding energies of the MoS2 layers. [25]
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Chapter 5. Result and discussion
5.1. Effect of pressure decrease on growth (without plasma)
When the pressure is below 100 Torr, small MoS2 chips with varied sizes grow
vertically on the substrate surface, making it difficult to see the flat nanosheets of
lamellae lying horizontally on the substrate. This growth mode change causes the
morphology to change greatly at different pressure. Figure 11 shows the SEM pictures of
hexagonal nanosheets grown at different pressures.

Figure 11. SEM image of MoS2 grown at 700 °C without plasma but different pressure:
(a) 50 Torr; (b) 10 Torr; (c) 2 Torr; (d) 0.3 Torr.
When the pressure is 50 Torr, it is evident that a large number of nanosheets about
800 nm in length and 30 nm in thickness were observed (Figure 11.a). As the pressure
continues to drop to 10 Torr, the density of these nanosheets increases (Figure 11.b). The
density of the MoS2 nanosheets is maximized at 2 Torr (Figure 11.c).

At pressure of 0.3

Torr, the size of the nanosheets becomes much smaller. The size of the nanosheets
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decreases as the pressure decreases while the density of the nanosheets first increase and
then decreases. It seems that the pressure around 2 to 10 Torr provides the optimum
condition for vertical nanosheets growth.
These four samples show very similar Raman spectra as shown in Figure 12. They all
show double peaks of MoS2 at the same peak position of 381.6 and 405.7 cm-1. This
leads to a peak separation about 24 cm-1, indicating that the thickness of these nanosheets
are much larger than 10 layers as clearly seen from SEM images. It was also noted that
no signal from MoOx was found in the Raman spectra.

Figure 12. (a) and (b): Raman spectra of MoS2 nanosheets grown at different pressure
without introducing plasma.
5.2. Effect of plasma on growth
To reveal the impact of the plasma on MoS2 growth, samples were deposited at 2 Torr
at three different temperatures by introducing 100 W plasma at different times, i.e. group
I at 650 °C (sample 1, 2 and 3), group II at 700 °C (sample 4, 5 and 6), and group III at
750 °C (sample 7, 8 and 9).
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5.2.1 Effect of plasma at 650 °C
The growth conditions for group I are listed below:
Sample 1: 100 W plasma was introduced at 600 °C until 650 °C at which the plasma is
turned off and the growth was allowed at 650 °C for 5 minutes.
Sample 2: 100 W plasma is introduced at 600 °C. The plasma was on for 1 min 40 sec at
650 °C and then turned off. The growth continues at 650 °C for additional 3 mins 20 sec.
Sample 3: 100 W plasma is introduced at 600 °C and the plasma is on during the whole
growth for 5 minutes at 650 °C.
From the SEM pictures of group I as shown in Figure 13.a, one can see that only flat
triangular MoS2 nanosheets were deposited when plasma was introduced during the
pre-heating period. The flat nanosheets have an average size about 200 nm. As the
plasma time was extended for 1 min 40 sec during growth at 650 °C, the vertical
hexagonal MoS2 nanosheets are observed on the substrate. The flat nanosheets are still
visible but with a lower density and smaller size of 120 nm as compared with Sample 1.
The vertical nanosheets are about 300 nm long and 25 nm wide. When plasma was kept
on for the whole deposition period, the density of the vertical nanosheets increases while
the flat triangular nanosheets are still visible (Figure 13.c). The flat MoS2 nanosheets
have its width about 120 nm, and the length and thickness of the vertical MoS2
nanosheets are about 500 nm long and 20 nm wide.
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Figure 13. SEM images of MoS2 grown at 650 °C and 2.0 Torr with plasma introduction
at different times (a) Sample 1; (b) sample 2; (c) sample 3.
5.2.2 Effect of plasma at 700 °C
The growth conditions for group II are listed below:
Sample 4: 100 W plasma was introduced at 650 °C until 700 °C at which the plasma is
turned off and the growth was allowed at 700 °C for 5 min.
Sample 5: 100 W plasma is introduced at 650 °C. The plasma was on for 1 min 40 sec at
700 °C and then turned off. The growth continues at 700 °C for additional 3 mins 20 sec.
Sample 6: 100 W plasma is introduced at 650 °C and the plasma is on during the whole
growth for 5 minutes at 700 °C.
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The effect of plasma on MoS2 growth at 700 °C is similar to that at 650 °C and the
SEM images are shown in Figure 14. Again, we can observe that only flat nanosheets
grew when plasma was applied only at the beginning before the growth at 700 oC. When
plasma was applied for 1 min 40 sec, vertical nanosheets with size of about 250 nm were
observed. In the meantime, the flat nanosheets are still visible on the substrate. As the
plasma was applied for the entire growth process at 700 °C, the vertical nanosheets grow
much larger. Both the density and size of the vertical nanosheets are higher than those
grown at 650 °C. The vertical nanosheets are about 500 to 1000 nm in size. Due to the
high density of the vertical nanosheets, it is hard to see whether or not any flat nanosheets
present on the substrate.

Figure 14. SEM images of MoS2 grown at 700 °C and 2.0 Torr with plasma introduction
at different times (a) Sample 4; (b) sample 5; (c) sample 6.
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5.2.3 Effect of plasma at 750 °C
The growth conditions for group III are listed below:
Sample 7: 100 W plasma was introduced at 700 °C until 750 °C at which the plasma is
turned off and the growth was allowed at 750 °C for 5 minutes.
Sample 8: 100 W plasma is introduced at 700 °C. The plasma was on for 1 min 40 sec at
750 °C and then turned off. The growth continues at 750 °C for additional 3 mins 20 sec.
Sample 9: 100 W plasma is introduced at 700 °C and the plasma is on during the whole
growth for 5 minutes at 750 °C.
At 750 °C, the vertical MoS2 nanosheets started to grow when plasma was introduced
only during the pre-heating stage (see Figure 15). A large number of flat nanosheets on
the substrate was also observed. The density is higher than those grown at lower
temperatures. As the plasma was kept on for 1 min 40 sec during the growth at 750 °C,
the density of the vertical nanosheets does not show an increase, but their average size
increases. When the plasma was applied for the whole growth process, the density of the
vertical MoS2 nanosheets increases and their size is about 600 nm.
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Figure 15. SEM images of MoS2 nanosheets grown at 750 °C and 2.0 Torr with different
plasma time. (a) Sample 7; (b) sample 8; (c) sample 9
The above results show that the plasma promotes the growth of the flat MoS2
nanosheets on the substrate during the pre-heating process before the growth temperature
is reached. The flat nanosheets are mostly about 100 to 300 nm. The increase of
temperature helps to increase the density of the nanosheets. At 750 °C, they tend to
connect with each other.

However, the application of plasma during the growth stage

enhances the growth of vertical nanosheets, not flat ones. Both density and size of the
vertical nanosheets increase as the duration of the plasma increases. This observation
may be explained by a competing process between the growth of the flat and vertical
nanosheets.
Figure 16 shows the corresponding Raman spectra. One of the noticeable difference
among the samples with different plasma introduction time is the peak separation of
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MoS2. The peak separation of the flat nanosheets are about 21 cm-1 and those samples
with vertical nanosheets are about 24 cm-1. Indicating the flat nanosheets are very thin of
less than 10 layers or a few nanometers. The vertical nanosheets are more like bulk MoS2.
Figure 17 shows the peak separation as a function of deposition temperature. One can see
that the double peak separations are smaller for the samples grown at lower temperature
at which only flat nanosheets are present. Once vertical nanosheets are observed, the peak
separation does not show a noticeable change.
If the sample contains only flat MoS2 nanosheets, MoOx peaks are observed in addition
to MoS2 in the Raman spectra. The existence of MoOx is also confirmed by XRD
measurement. When plasma was applied for 1 min 40 sec or the whole growth of 5 min,
the XRD shows only MoS2 peaks without oxide. However, if the plasma was applied
only at the initial pre-heating stage of growth and no plasma during growth, MoOx is
observed in XRD. All these samples show a strong (002) peak of MoS2 at 13.75°. It
seems that the plasma helps MoS2 growth and suppress formation of MoOx.
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Figure 16. Raman spectra of samples grown at different temperatures: (a) and (b) grown
at 650 °C; (c) and (d) at 700 °C; (e) and (f) at 750 °C.
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Figure 17. (a) MoS2 peak separation as a function of temperature; (b) XRD pattern from
samples grown at 700°C.
5.3. Impact of plasma power
In order to further investigate the impact of plasma on the nanosheet deposition, the
growth was also performed at 700 °C and 600 °C but different plasma power.
5.3.1. Growth at 700 °C and different plasma power
Figure 18 shows the nanosheets grown under different plasma powers while keeping
the temperature at 700 °C and pressure at 2.0 Torr. With and without plasma, the MoS2
nanosheets show hexagonal structures. When 100 W plasma is applied, the nanosheets
have morphology very similar to that grown without plasm. As the plasma power is
increased to 130 W, the size and thickness of the nanosheets become obviously larger.
When the plasma power is further increased to 150 W, the thickness of the nanosheets
continue to grow larger. Some of them show irregular shape, indicating that the plasma
helps the nanosheet growth but may cause damage to the nanosheets if the plasma power
is too high. The thickness as a function of plasma power is shown in Figure 18.e. One can
see that the thickness increases with the plasma power. Here again impact of plasma on
nanosheet growth is confirmed. The Raman spectra show the peak all in same position
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and without MoOx signal. The Raman spectra of these samples were measured and are
shown in Figure 18.f. They all show the same double peak of MoS2 without signal from
MoOx.

Figure 18. Vertically aligned MoS2 nanosheets grown at 700 °C and 2.0 Torr with
different plasma powers (a) 0 W; (b) 100 W; (c) 130 W; and (d) 150 W; (e) average
thickness of the nanosheets versus the applied plasma power; and (f) corresponding
Raman spectra.
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5.3.2. Growth at 600 °C and different plasma power
It is found that only flat MoS2 nanosheets grow at low temperature of 600 °C and 2.0
Torr (Figure 19). The plasma power affects the size of the nanosheets. When the plasma
power is 0 W, the nanosheets are very small, only about 50 nm without regular triangular
shape. They look like more rounded pieces with low density. When 100 W plasma is
applied, the size of the nanosheets increases up to 150 nm and they show triangular shape.
As the plasma power further increases to 150 W, the size of these triangular MoS2
nanosheets continues to increase up to 250-300 nm. Some of the nanosheets overlap with
their neighboring nanosheets. Raman measurements indicate that all these samples show
typical peaks of MoS2, suggesting that these nanosheets are MoS2 (Figure 19). The small
separation of the double peak about 21 to 22 cm-1 suggests that the nanosheets are few
layers. It is also noted that weak peaks of MoOx present in the Raman spectra, which is
similar to other flat nanosheet samples.
It was also observed that the melting temperature of the sulfur source changed at
different plasma power. Without plasma, the sulfur source is melted as the substrate
heated to 582 °C. When 100 W plasma applied, the sulfur source is consumed as the
substrate temperature at 562 °C. As the 150 W plasma is used, the sulfur is melted when
the substrate is at 551 °C. MoO3 was hard to observe inside the growth chamber, but
more molybdenum sources are evaporated better at 150 W than that under 0 W plasma.
The Raman spectra shows the peak separation increases with the plasma power increases,
that indicates the number of layers increases with the plasma power increases.
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Figure 19. MoS2 nanosheets grown at 600 °C and 2.0Torr with different plasma power. (a)
0 W; (b) 100 W; (c) 150 W; and (d) optical picture of ceramic boats with MoO3 source
material after reaction; (e) and (f) Raman Spectra.
5.4. Growth at different pressure with plasma
Under the plasma of 100 W, the nanosheet growth was found to be significantly
influenced at different growth pressure of 2.0, 1.0, 0.5, and 0.3 Torr. The growth

33

temperature was set at 650，700，750 and 800 °C. The low pressure was used here to
avoid plasma to concentrate at the plasma region since remote plasma is used in our
experiments.
5.4.1. Growth at 650 °C with plasma
Figure 20 shows the nanosheets grown at 650 °C and 100 W plasma but different
pressure. At 2.0 Torr, several black spots are found on the substrate. These black spots
are small pieces of MoS2 nanosheets with size about 60 nm. When the pressure is
dropped to 1.0 and 0.5 Torr, the black flakes grow larger with clear triangular shape. One
can see from the 0.5 Torr sample that most of the nanosheets have triangular shape with
size about 100 nm. Occasionally the vertical nanosheets can be seen on the substrates but
their density is very low. When the pressure is dropped to 0.3 Torr, the triangular
structures increase and the growth of vertical nanosheets become favorable. The reason
that causes the growth mode change from flat to vertical nanosheets may be due to the
presence of energetic ions as a result of the applied plasma. As the pressure is reduced,
the effect of plasma on molybdenum and sulfur sources are increased because of the
plasma extension in the remote region at lower pressure. The plasma helps increase the
evaporation rate of molybdenum and sulfur.
Raman measurements show typical double peak of MoS2. When the vertical
nanosheets present in the sample, the peak separation is about 24 cm-1, which is typical
for bulk materials. However, When the vertical nanosheets is absent, i.e. only flat
nanosheets on the substrates, the peak separation is about 22 cm-1, indicating they are few
layer nanosheets.
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Figure 20. SEM pictures of the MoS2 samples grown at 650 °C and 100 W plasma at
different pressure (a) 2.0 Torr; (b) 1.0 Torr; (c) 0.5 Torr; (d) 0.3 Torr; (e) 0.2 Torr. (f)
Raman spectra; and (g) Size of flat nanosheets as a function of pressure.
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5.4.2. Growth at 700 °C with plasma
As shown in Figure 20, large pieces of vertically aligned MoS2 nanosheets are
observed on the substrate when the pressure is set at 2.0 Torr. The density of these
nanosheets is very high. When the pressure drops to 1.0 Torr, the density of these larger
MoS2 decreases, and the flat triangular nanosheets are observable on the substrate. When
the pressure continuously dropped to 0.5 Torr and 0.3 Torr, the density of vertical MoS2
nanosheets further decrease and the flat nanosheets are still visible on the substrate
(Figure 21.d).
The Raman spectra show similar features and the same peak separation is obtained to
be 24 cm-1 among the different samples. Although there are flat nanosheets on the
substrates, the Raman spectra are not affected because the vertical nanosheets dominate
the Raman scattering (Figure 21.e). It is found from XRD that the samples grown at 0.3
and 0.5 Torr with more flat MoS2 nanosheets show the diffraction peaks from MoOx
(Figure 21.g). The other samples grown at 2 and 1 Torr with mostly vertical MoS2
nanosheets do not have the diffraction peaks of MoOx at 26° and 37°. It again shows that
the flat nanosheets sample contains Mo oxide phase.
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Figure 21. SEM pictures of the MoS2 samples grown at 700 °C and 100 W plasma at
different pressure (a) 2.0 Torr; (b) 1.0 Torr; (c) 0.5 Torr; (d) 0.3 Torr; (e) and (f) Raman
spectra; (g) XRD pattern; (h) Vertical stand and flat lying MoS2 nanosheets density
change.
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5.4.3. Growth at 750 °C with plasma
At 750 °C, the samples grown at 2.0 Torr show a mixture of vertical and flat MoS2
nanosheets on the substrate. At 1.0 Torr, the vertical MoS2 nanosheets disappear while
the density of the flat nanosheets increases. It’s obvious that the flat nanosheets have
triangular shape. When the pressure is reduced further, the size of the flat nanosheets
continues to increase up to 300 nm.
The Raman spectra show that the peak separation of MoS2 is 23.8 cm-1 for the sample
grown at 2 Torr. With the decrease of pressure from 2.0 to 0.3 Torr, the peak spacing
decreases to 21.4, 20.8, and 21.2 cm-1. This result clearly indicates the thickness change
in MoS2 nanosheets. As shown by SEM measurements, the nanosheets grown at 2 Torr
has both vertical and flat nanosheets on the substrate. The thickness of the vertical MoS2
nanosheets is about 30 nm, which should show a similar peak separation in Raman to the
bulk material. Obviously the vertical nanosheets dominate the Raman intensity for this
sample. For the samples grown under a lower pressure than 2 Torr, only flat nanosheets
are obtained and the Raman peak separation is also smaller. Therefore, the thickness of
the flat MoS2 nanosheets is less than 6 nm or less than 10 layers.
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Figure 22. SEM pictures of the MoS2 samples grown at 750 °C and 100 W plasma at
different pressure (a) 2.0 Torr; (b) 1.0 Torr; (c) 0.5 Torr; (d) 0.3 Torr. (e) and (f) Raman
spectra.
5.4.4. Growth at 800 °C with plasma
The growth of MoS2 nanosheets at 800 °C is very similar to that grown at 750 °C. One
can still see some vertical nanosheets at 2.0 Torr. As the pressure decreases, only flat
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nanosheets are obtained. At the lowest the pressure, the size of the nanosheets becomes
larger. When the pressure is 0.3 Torr, the size of the triangular structures increases to 300
nm. Note that there is not much change in the density of the nanosheets.

Figure 23. SEM pictures of the MoS2 samples grown at 800 °C and 100 W plasma at
different pressure (a) 2.0 Torr; (b) 1.0 Torr; (c) 0.5 Torr; (d) 0.3 Torr; (e) and (f) Raman
spectra.
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Again, the Raman peak separation is about 23.7 cm-1 for the sample grown at 2.0 Torr,
which is similar to that grown at 750 °C. As the pressure decreases below 1.0 Torr, the
peak separation decreases to about 21.4 cm-1. There is not much difference for the growth
mode and Raman data for those samples grown at 750 and 800 °C.
5.5. Growth at different temperature with plasma
Samples were grown at four different temperatures while other conditions such as
plasma power of 100 W and pressure of 0.3 Torr were kept constant. A reference sample
grown without plasma was also deposited for comparison. At 0.3 Torr, decent plasma can
be generated over the whole growth region.
As shown in Figure 24, the MoS2 sample grown at 650 °C and 0.3 Torr contains both
the vertical and flat nanosheets. When the temperature is increased to 700 °C, the density
of both the flat triangular and the vertical MoS2 nanosheets decreases. However, the size
of the flat nanosheets shows an increase. At 750 °C and 800 °C, it is observed that the
vertical nanosheets disappear, and both the number and size of the flat nanosheets
increase. The length of the triangular nanosheets is about 300 nm.
For comparison, an SEM picture of sample growing at 800 °C without plasma is also
shown in the Figure 24.e. A lot of large rhombus is observed, and are MoO2 nanosheets,
not MoS2. So at high temperature without plasma, molybdenum oxide is deposited on the
substrate surface, because there is not enough sulfur source to form MoS2. The plasma
plays an important role in the formation of MoS2 at high temperature by providing active
S species for reaction.
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Figure 24. SEM images of MoS2 nanosheets grown at (a) 650 °C; (b) 700 °C; (c) 750 °C;
(d) 800 °C under 100 W plasma and at 0.3 Torr. (e) Sample grown at 800 °C and 0.3 Torr
without plasma; (f) XRD patterns; and (g) and (h) Raman spectra.
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The Raman spectra show that the peak separation of MoS2 nanosheets reduces from
24.3 to 21.4 cm-1 with the increase of growth temperature under which the vertical MoS2
nanosheets gradually disappear and both the size of flat MoS2 nanosheets increase. The
Raman data indicate that the thickness of the vertical MoS2 nanosheets is larger than the
flat ones.
From XRD result, the MoOx still can be observed on flat lying MoS2 nanosheets.
5.6. Effect of plasma on growth at low temperature
The effect of plasma on the growth of MoS2 at low temperatures was also explored as
shown in Figure 25. The experiments were done at 0.4 Torr pressure.
Figure 25.a and 25.b show the SEM images of MoS2 grown at 500 °C with and without
plasma. No obvious difference is observed. Some black dots of 10 to 20 nm can be found
on the substrate. Raman spectra do not show the typical double peak of MoS2, but MoO3
peaks. These dots are likely the evaporated MoO3 source on the substrate without
reaction with the sulfur source at such a low reaction temperature. After reaction, the
sulfur sources are found to have 42 mg unreacted without plasma and 41 mg unreacted in
the boat with 100 W plasma. The plasma shows a slight impact on the sulfur source
evaporation at this low temperature. The MoO3 turned black and it is very hard to weight
the MoO3 after reaction because only 5 mg was used. It is hard to see the plasma effect
on the MoS2 sample growth at this low temperature.
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Figure 25. SEM images of MoS2 samples grown at 0.4 Torr: (a) 500 °C and 0 W plasma;
(b) 500 °C and 100 W plasma; (c) 550 °C and 0 W plasma; (d) 500 °C and 100 W plasma;
Ceramic boats for MoO3 source material after reaction at 550 °C (e) 0 W plasma and (f)
100 W plasma; (g) Raman spectra of the corresponding samples.
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Samples grown at 550 °C were also obtained to study the effects of plasma. There is a
great distinction between the two samples though the flat nanosheets were found on both
samples. The nanosheets grown with and without plasma have triangular morphology and
their sizes are only about 20-30 nm. The nanosheets density of the sample without plasma
is similar to that grown at 500 °C. However, when 100 W plasma is used, the density of
the nanosheets is increased significantly without much change in size. Figure 25.e and f
also show the picture of the ceramic boats for MoO3 source material after reaction.
Without plasma, the canoe is very clean and the MoO3 didn’t vaporize much. But with
100 W plasma, the canoe was sooty, indicating that the MoO3 was mostly evaporated.
The plasma helps the evaporation of MoO3 source as well as sulfur source. With the same
amount of initial source materials, the remaining sulfur after growth without plasma was
16 mg but 0 mg left after growth with plasma. Therefore, the plasma has significant
impact on the evaporation of both molybdenum and sulfur sources, in turn promoting the
chemical reaction for MoS2 growth.
5.7. XPS of flat MoS2
This sample was prepared at 750 °C and 0.3 Torr with 100W plasma. The SEM picture
was shown on Figure 22.d. This sample contains flat MoS2 nanosheets only. The XPS
depth profile was measured as shown in Figure 26. Since Si wafer with SiO2 layer was
used as substrate, it’s not surprising to see Si, O, S, and Mo from the as prepared sample.
There are two peaks for O, which may suggest that main peak from O associated with the
SiO2 substrate. It’s not clear what is origin of the small peak. After etching, the intensities
of O and Si peak increase because the more SiO2 surface is exposed after MoS2 is
removed, as reflected by the decrease of the intensities of S and Mo. It is also noted that
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the decrease of Sulfur peak is much faster than Molybdenum. This may suggest that the
top of the surface is likely covered by unreacted sulfur. After 4th and 5th etching cycles,
the intensities do not much change, which suggest that most of the deposits are removed
and bare SiO2 surface is achieved. The estimated etching depth is 0.6 nm per cycle. So it
seems the flat MoS2 nanosheets is about 2.5-3.5 nm. This seems to be consistent with the
Raman measurement which shows peak separation change.
One unexpected observation is the sudden increase of Mo peak at the 5th etching cycle.
This could be an indication of an interfacial layer between the MoS2 nanosheets and SiO2
substrate. Molybdenum oxide source first gets deposited on the surface of the substrate,
and then reacts with the subsequent sulfur powder to produce molybdenum sulfide. If
there is not enough sulfur at the beginning, a layer of molybdenum oxide is deposited
first on the substrate surface before the MoS2 growth. XRD and Raman also observe
molybdenum oxide among the flat nanosheets.
If vertical nanosheets are formed, then the MoOx layer may not be seen because of the
different growth proceses. For vertical MoS2 growth, the gas phase molybdenum oxide
reacts with the sulfur molecules, and produce the molybdenum disulfide molecules to be
deposited on the substrate. Therefore, MoOx may not be deposited on the substrate. Since
the silica substrate appeared a lot of thin cracks after piranha solution treatment. So these
completed molybdenum disulfide molecules may initially nucleated into the cracks to
form nanosheets that is perpendicular to the substrates.
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Figure 26. XPS spectra of Flat MoS2 on SiO2 substrates (a) Oxide; (b)Silicon;
(c)molybdenum and (d) sulfur elements XPS result after 5 etching cycle.
5.8. Electrical properties of flat MoS2
Because most samples do not form continuous films of flat MoS2 nanosheets, it is not
practical to study their electrical property using traditional current-voltage measurements.
However, some samples indeed show interconnections among the flat nanosheets which
make it possible to measure current-voltage (I-V) curves. Gold wires were attached to the
nanosheets by silver paint. Figure 27 shows the I-V curves of one sample as well as the
substrate for reference.
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Figure 27. The I-V curve of (a) flat lying MoS2 nanosheets; (b) SiO2 substrates.
One can see that the substrate of a thin SiO2 layer of 100 nm in thickness has much
smaller current than the MoS2 nanosheets film. The resistance of the substrate is
1.5423×10)* Ohm. The MoS2 sample has resistance of 1.1015×10-' Ohm as

calculated from the slope of the I-V curve. The resistivity was also estimated to be 0.1348
Ohm*m by using the electrode separation of 2 mm and an estimated nanosheet thickness
of 5 nm. The value shows that the nanosheets film has reasonably good conductivity.
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Chapter 6. Conclusion
This study investigates the effects of plasma on the growth of MoS2 nanosheets by
a CVD method. Growth of vertical nanosheets is found to be a competing process with
the growth of flat nanosheets on substrates. The use of plasma is found to affect the
competition between the two growth modes, making it possible to grow only flat
nanosheets. The following conclusions can be drawn from this study.
Our experiments show that the plasma affects the evaporation of both sulfur and
molybdenum sources, which in turn affect the MoS2 growth. The plasma helps increase
the density of the flat nanosheets at low temperatures.
During the pre-heating process, the plasma helps the growth of flat nanosheets and
suppress the formation of MoOx in the samples. During the growth stage, it enhances the
formation of vertical MoS2 nanosheets.
The increase of plasma power causes and increase of both the size and density of
MoS2 nanosheets. However, too high plasma power damages the vertical nanosheets and
limits the increase of their size.
The effect of pressure on nanosheet growth under plasma depends on growth
temperature. The optimum growth temperature for vertical nanosheets is about 700 °C.
Below this temperature, the growth mode changes from pure flat nanosheets to a mixture
of flat and vertical nanosheets as pressure is reduced. However, above 700 °C, the growth
mode changes from a mixture of vertical and flat nanosheets to only flat nanosheets as
pressure is reduced. At 700 °C, the density of vertical nanosheeets is also reduced as
pressure is reduced.
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It can be concluded that the plasma enhances the growth of either vertical
nanosheets or flat nanosheets, depending on the growth temperature and pressure. This
may be useful for controlling the desired nanosheet growth mode.
Although it is not clear what mechanisms lead to either flat nanosheets or vertical
nanosheets, we speculate that these are associated with the ionized sulfur and
molybdenum sources, and the enhanced evaporation of these sources under plasma.
Future research will focus on elucidating the mechanisms of these two growth modes.
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